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Monitoring of O2, COx, NOx gas emissions, state of the art devices for 
oxygen, hydrogen and energy generation are of crucial importance in transport, 
steel, glass, paper, food industries and energetics[1-3]. The monitoring of O2, COx, 
NOx gas emissions is carried out by using gas sensors[4-9]. Hydrogen can be 
extracted from water by using electrolyzers whereas energy – by using solid oxide 
fuel cells[10, 11]. Oxygen ion conductors are employed in these devices.  
ZrO2, LaGaO3, CeO2, δ-Bi2O3, Bi4V2O11, La2Mo2O9, LnBO3 (B=Al, In, Sc, 
Y) based ceramics and apatite ceramics are used for the manufacturing of oxygen 
ion conductors. However, not all materials are suitable because oxygen ion 
conductors must possess the following characteristics: high ionic conductivity, 
low electronic conductivity, stable crystalline structure across a wide range of 
temperatures and oxygen pressures, no chemical reactions with electrode 
materials, similar thermal expansion coefficient to electrode materials, low 
manufacturing cost, and adequate mechanical strength[12]. For example, 
La0.85Sr0.15Ga0.2Mg0.2O2.825 (LSGM) synthesis is complicated and expensive, 
although this type of ceramics exhibits high oxygen ion conductivity[13, 14]. 
Bi2O3 does not retain the stable phase across a wide range of temperatures[15, 16]. 
Even Y0.08Zr0.92O2 (8YSZ) is denoted by drawbacks, although it is still considered 
one of the best ionic conductors. The main drawback is its chemical reaction with 
La(1-x)SrxMnO cathodes[17]. However, no chemical reactions between SmxCe1-
xO2-δ (SDC) ceramics and La(1-x)SrxMnO cathodes have been observed. SDC also 
retains the stable phase up to the melting temperature, and its synthesis is much 
cheaper than LSGM. Moreover, Sm0.15Ce0.85O2-δ (0.018 S/cm) exhibits higher 
ionic conductivity than 8YSZ (0.0064 S/cm) at intermediate temperatures (600 
°C)[13, 18-22]. However, oxygen diffuses to the surface of the electrolyte when 
the pressure of oxygen decreases and the temperature rises[23]. Ce4+ reduction to 
Ce3+ occurs at the same time and SDC becomes an ionic-electronic conductor[24-
27]. From the statements outlined above, it is possible to believe that SDC is the 
optimal choice at intermediate temperatures. The electrical properties of SDC 
depend on the Sm dopant concentration, the working temperature, the oxygen 
pressure, the migration path of oxygen ions, and the microstructure. It was 
established that CeO2 doped with 15 mol% Sm exhibits the highest ionic 
conductivity because the energy of vacancy activation is the lowest at this dopant 
concentration[19]. On the other hand, it is possible to change the electrical 
properties of ceramics by changing the crystallite size. The concentrations of 
vacancies are different in grains and grain boundaries. The concentration of 
oxygen vacancies decreases, and the concentration of electrons increases in the 
space charge zone near the grain interior[28-30]. Oxygen ion conductivity is 
higher in grains than in grain boundaries, and electron conductivity is higher in 
grain boundaries than in grains according to the Brick layer model[31]. Therefore, 
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ionic conductivity decreases with the decreasing grain size whereas electronic 
conductivity increases with the decreasing grain size because the ratio between the 
grain size (L) and the grain boundary size (2b) increases: 2/[32]. 
Microstructural properties depend on the formation method and its 
parameters. Ionic conductors can be formed by using several different methods. 
One of them is the formation of ceramic pellets by pressing powder and heating 
pellets at a high temperature. The other method is the deposition of thin films on 
electrode materials. This method is superior because it enables us to deposit very 
thin films which are denoted by good adhesion, deposition consumes a lower 
amount of materials, and dopants distribute uniformly in thin films. Moreover, 
there are no impurities in thin films after deposition.  
Thin films can be deposited by using the e-beam deposition method. This 
method has advantages in comparison with other methods, especially if materials 
with high melting temperatures are deposited. Materials can heat up to 3000–4000 
°C temperatures. For this reason, it is possible to deposit ceramics, for example, 
CeO2 (considering its melting temperature of 2600 °C). In addition, it is possible 
to control the deposition rate between 0.02 nm/s and 10 nm/s and the grain size 
while using this method. Moreover, thin films are clean and uniform. 
The main deposition parameters influencing the properties of the material 
are the deposition rate, the substrate temperature, the pressure and the specific 
surface area of powders. The influence of the substrate temperature and the 
deposition rate is more or less known. However, the influence of the specific 
surface area of powders on the properties of thin films is much less known. There 
are a few papers written by Virbukas where the influence of the specific surface 
area of powders is discussed. Virbukas studied Gd0.1Ce0.9O2-δ 
(:	6.44; 	36.2; 201	/), Gd0.2Ce0.8O2-δ (:	5.8; 	32.8; 220	/) and 
Sm0.15Ce0.85O2-δ (:	8; 	39.3; 195	/) thin films which were deposited on 
room temperature substrates by using 0.2–1.6 nm/s deposition rate[33-35]. 
However, the influence of the specific surface area of powders on the properties 
of thin SDC films which were deposited onto higher temperature substrates was 
not investigated.  
Therefore, it was decided to deposit Sm0.2Ce0.8O2-δ thin films by using 
powders of different specific surface areas: 6.2 m2/g, 11.3 m2/g, 38.8 m2/g, and 
201.3 m2/g. Thin films were deposited on SiO2, Alloy600, Si(100) Al2O3 
substrates whose temperatures were: 50 °C, 150 °C, 300 °C, 450 °C, 600 °C. In 
addition, thin films were deposited by using 0.2 nm/s, 0.4 nm/s, 0.8 nm/s, 1.2 nm/s 
and 1.6 nm/s deposition rates. The microstructure, the surface morphology and the 
electrical properties of thin films were investigated. X-ray diffraction, scanning 
electron microscopy, atomic force microscopy, energy-dispersive X-ray 
spectroscopy, X-ray photoelectron spectroscopy, electrochemical impedance 
spectroscopy, spectrophotometry and profilometry were used for the investigation.  
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The Main Objective 
To evaluate the influence of the specific surface area of powders, the 
deposition rate, the substrate temperature and the substrate type on the properties 
of Sm0.2Ce0.8O2-δ (SDC) thin films deposited by using the e-beam evaporation 
method. 
The following tasks were carried out in order to achieve the main objective: 
 
The Tasks of the Thesis 
1. To deposit SDC thin films on 50 °C, 150 °C, 300 °C, 450 °C, 600 °C 
temperature SiO2, Alloy600, Si(100) Al2O3 substrates by using powders of 6.2 
m2/g, 11.3 m2/g, 38.8 m2/g and 201.3 m2/g specific surface area and 0.2 nm/s, 0.4 
nm/s, 0.8 nm/s, 1.2 nm/s and 1.6 nm/s deposition rate. 
2. To detect the dependences of the microstructure, surface morphology, 
electrical and optical properties on the specific surface area of the initial powder, 
the substrate temperature and the deposition rate. 
3. To analyze and discuss the reasons and processes determining the 
dependences of the microstructure, the surface morphology, the electrical and 
optical properties on the deposition parameters. 
 
Novelty of the Thesis 
1. It was determined that the e-beam power consumption required to 
achieve the same deposition rate is lower when using powders of a bigger specific 
surface area because atoms on the surface of particles have a lower binding energy 
than atoms inside the particles.  
2. For the first time, the influence of the specific surface area of the initial 
powders was investigated on the microstructure of SDC thin films which were 
deposited on higher than the room temperature substrates, and it was determined 
that  the preferential crystallographic orientation (111) changes to (200), (220) or 
(311) evaporating powder with 6.2 m2/g specific surface area, to (220) or (311) 
evaporating powders with 11.3 m2/g and 38.8 m2/g specific surface areas, and to 
(311) or (222) evaporating powder with 201.3 m2/g area if 450–600 °C substrate 
temperatures and/or 1.2–1.6 nm/s deposition rates are used. 
3. For the first time, it was investigated and shown that the band gap of 
SDC thin films increases with the increasing crystallite size due to the decreased 
reduction rate of Ce4+ to Ce3+. 
4. The surface roughness of SDC thin films related to the growth kinetics 
of the crystallite size, i.e. the roughness of SDC thin films changes due to the 







1. SDC thin films were deposited, 
2. Microstructural morphological optical and electrical properties were 
investigated by using XRD, SEM, EDS, XPS, UV-VIS, AFM, and EIS methods. 
 
Layout of the Thesis 
The length of the thesis is 166 pages. It contains 129 pictures, 30 tables and 
238 references. The thesis consists of six parts: introduction, literature review, 
experimental techniques and methodology, results, conclusions and references. 
 
Approbation 
The main results of this study have been published in 5 scientific articles; 
the results have also been presented in 7 scientific conferences.  
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1. Experimental Techniques 
Sm doped cerium oxide thin films were deposited on SiO2, Si(100), Alloy 600 
(Fe-Ni-Cr), and Al2O3 substrates. The substrates were ultrasonically cleaned in 
pure acetone for 10 min. Thin films were formed with e-beam physical vapour 
deposition system Kurt J. Lesker EB-PVD 75 by using 0.2 nm/s÷1.6 nm/s 
deposition rate, substrate temperatures from 50 °C to 600 °C, and 5·10-7 bar 
working pressure. The Sm0.2Ce0.8O2-δ powder (Nexceris, LLC, Fuelcellmaterials, 
USA) of 6.2 m2/g, 11.3 m2/g, 38.8 m2/g, 201.3 m2/g surface area was used as the 
evaporating material. It was pressed into pellets by using a mechanical press 
(303.5 MPa pressure). The pellets were placed into a crucible, and a vacuum 
chamber was depressurized up to 2·10-9 bar. After that, the substrates were treated 
with Ar+ ion plasma (10 min) and preheated up to the working temperature. The 
thickness and THE deposition rate were controlled with an INFICON crystal 
sensor. The structure of the deposited thin films was investigated by using an X-
ray diffractometer (XRD) Bruker D8 Discover at 2Θ angle within a range of 20°–
70° while using Cu Kα (λ=0.154059 nm) radiation, 0.01° step, and a Lynx eye PSD 
detector. EVA Search – Match software and a PDF-2 database were used to 
identify the diffraction peaks. TOPAS software was used for crystallite size 
calculations. Measured patterns were fitted by using Pawley’s method. The 
crystallite size was calculated by using Scherrer’s equation[36]: 
 〈〉 = 		 !"#, (1.1) 
where 〈〉 is the crystallite size of the material,  is the wavelength of the X-ray 
radiation,  is the full width at half maximum,	 is the correction factor, and # is 
the angle of diffraction. 
Texture coefficient %('()) was determined by using formula[37]:  







where +(ℎ-.) is the intensity of the XRD peak corresponding to (hkl) planes, 
n is the number of the diffraction peaks taken into account, +/(ℎ-.) denotes the 
intensity of the XRD peak in the EVA Search – Match software database. %('()) =1 corresponds to films with randomly oriented crystallites, while higher values 
indicate the large number of grains oriented in a given (hkl) direction. The surface 
topography images and the cross-section images were obtained with a scanning 
electron microscope Hitachi S-3400N (SEM). The surface roughness 
measurements of SDC thin films were carried out with an atomic force microscope 
AFM NT-206 while using the dynamic mode during measurements. The obtained 
data was processed by using the Surface Explorer software. The elemental 
composition was controlled by using an energy-dispersive X-ray spectroscope 
BrukerXFlash QUAD 5040 (EDS). Ce3+ and Ce4+ concentrations were determined 
12 
by the XPS method (PHI 5000 Versaprobe). The measurements were conducted 
by using monochromatic X-ray radiation (AlKα,1486.6 eV). The X-ray beam 
power was 23.2 W, the diameter of the beam was 100 mm, and the measurement 
angle was 45° during the experiments. Thin films were not sputtered before 
measurements in order to avoid changes of the thin SDC film surface structure. 
The sample charging effect was compensated by using radiation of low energy 
electrons and ions. The experimental data was curve-fitted by using Gaussian-
Lorentzian functions, and the background was eliminated by using the Shirley 
method. MultiPak software was used for curve fitting. The concentrations of Ce3+ 
were calculated by using these spectra and the following equation: 
789:; = <=> + <@>+<=A + <@A<= + <@+<=AA + <@AA+<=AAA + <@AAA+<=> + <@>+<=A + <@A, (1.3) 
where 789:; is Ce3+ concentration, < – the areas of particular peaks (B/ −
CeDE3dF ⁄ , B − CeHE3dF ⁄ , B′ − CeDE3dF ⁄ , B′′ − CeHE3dF ⁄ , B′′′ −
CeHE3dF ⁄ , J/ − CeDE3dD ⁄ , J − CeHE3dD ⁄ , J′ − CeDE3dD ⁄ , J′′ − CeHE3dD ⁄ , J′′′ − CeHE3dD ⁄ ). 
Optical transmittance spectra were measured by using a UV-VIS 650 
spectrometer. The band gap calculations were carried out by using the Tauc 
relation: 
KℎLMNO43 = <KℎL − PQO (1.4) 
where h is the Plank constant, νf denotes the photon frequency, α is the absorption 
coefficient , Eg represents the band gap, A denotes the proportionality constant, 
and n stands for 1/2, 3/2, 2 or 3.  
The total conductivity was investigated by using NorECsAS (EIS), an 
impedance spectrometer. The total conductivity was measured only for thin films 
deposited on Al2O3 in order to avoid the influence of the substrate on the 
measurements. The Pt electrodes were applied on the top of thin films by using a 
mask reproducing the geometry of the electrodes. The distance between the Pt 
electrodes was 10 mm, and their dimensions were 3 mm × 10 mm. The 
measurements were carried out in 1÷106 Hz frequency range and in the 
200 °C÷1000 °C temperature interval by using the two-probe method. 
2. Results 
2.1. Influence of the Specific Surface Area of Ceramic Powders on the 
Selection of E-Beam Power 
It was observed that the deposition rate of SDC thin films depends on the e-
beam power whereas the e-beam power required to maintain the same deposition 
rate depends on the specific surface area of powders  , see Fig. 2.1. The 
dependence of the deposition rate on the e-beam power is exponential. The kinetic 
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energy of electrons increases with the increasing e-beam power. So, the more the 
kinetic energy of electrons is transferred to phonon excitation, the more the 
temperature of the material increases as well. It means that the saturated vapor 
pressure and the vapor flux increase while increasing the temperature of the 
material[38].  
 
Fig. 2.1 a) Influence of the e-beam power (R9) on the deposition rate (SQ) and b) on the 
required power of the e-beam to maintain the fixed deposition rate evaporating powders 
of different specific surface areas (SBET) 
A more important phenomenon is that the e-beam power required to 
maintain the same deposition rate is lower while using the powders of a bigger 
specific surface area for evaporation, see Fig. 2.1, b. For example, in order to 
achieve a deposition rate of 0.2 nm/s, the power of 485 W is required when using 
the powder of a specific surface area of 6.2 m2/g, and 301 W when using the 
powder of a specific surface area of 201.3 m2/g. 
The ratio of the surface area to the volume increases with the increasing 
specific surface area of powder particles. Moreover, the atoms which are on the 
surface of a particle have a lower number of neighbors than the atoms inside a 
particle. Hence the atoms which are on the surface of a particle have a weaker 
binding energy than the atoms which are inside a particle. Thus the melting 
temperature decreases with the increasing specific surface area of the powder. 
Therefore, the e-beam power required to maintain the same deposition rate is 
lower when using powders of a bigger specific surface area[39, 40]. A composition 
of the vapor phase depends on the specific surface area as well, i.e., vapors can 
consist of different numbers of atomic particles and atomic clusters[41]. 
2.2. Evaluation of Elemental Composition and Its Influence on the 
Microstructure 
It has been found that the Sm concentration varies significantly from 5.7 
mol% to 21.0 mol% in SDC thin films. However, a vast majority of SDC thin films 
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contain about 11–12 mol% samarium, which is a lot less than in the initial powders 
(~20 mol%). Such a difference of concentrations is influenced by the evaporation 
mechanism. It is known that CeO2 and Sm2O3 change their phase from solid to 
gaseous during the sublimation process[42]. The sublimation of CeO2 starts at a 
temperature of 1950 °C whereas the sublimation of Sm2O3 commences at a 
temperature of 2100 °C[43]. The difference between the two sublimation 
temperatures is 150 °C. It means that the sublimation rates at the same temperature 
should be different. The ratio of Sm atoms to Ce atoms in the vapor phase is 
smaller than in the initial powder. Hence the Sm concentration in SDC thin films 
is lower than in the initial powder.  
The reasons of the variation of the Sm concentration are not known. 
However, 21 mol% of samarium does not exceed the solubility limit (~45%) in 
CeO2[44]. For this reason, the dopants do not influence the microstructure or the 
surface morphology of SDC thin films. The plot of the crystallite size dependence 
on the dopant concentration confirms it, as it is evidently shown in Fig. 2.2, a.  
 
Fig. 2.2 Crystallite size dependence on the dopant concentration: a) SDC thin films and b) 
TiO2 doped Ca[D4, D5] 
The crystallite size is almost the same with the increasing Sm concentration. 
It is about 30 nm when using SiO2 substrates and about 41 nm when using Alloy 
600 substrates. In comparison, the crystallite size depends on the dopant 
concentration in Ca-doped TiO2, see Fig. 2.2, b[D4, D5]. The reason for the crystallite 
size increase is that the crystallite size depends on the dopant concentration if it 
exceeds the solubility limit[45, 46]. The solubility limit for Ca in TiO2 is under 
discussion, but it is not expected to be higher than 2%[47, 48].  
It has been calculated that the oxygen concentration (70.2–72.5 mol%) is 
higher at the level of 4 mol% to 5 mol% than the stoichiometric concentration 
(66.6 mol%). However, it is known that ceria is a nonstoichiometric oxide which 
is denoted by oxygen deficit (CeO2-δ). The explanation of the oxygen excess is the 
following. Oxygen desorption from CeO2 takes place when the temperature 
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increases and the pressure decreases[49]. In addition, oxygen desorption occurs 
from the pores of pressed pellets. The vapor phase consists of CeO, O2, and Sm 
particles. It means that oxygen condenses on the surface of the substrate and 
diffuses into it. Also, oxygen can diffuse from SDC thin film into the substrate[50, 
51]. A thin oxide layer forms on the substrate due to oxygen diffusion. EDS 
measurement is based on the measurement of characteristic X-rays. The depth 
from which an EDS detector registers the characteristic X-rays can reach several 
micrometers. Therefore, the signal recorded during the measurement consists of 
the SDC thin film, oxide layer and substrate components. 
2.3. Investigation of the Crystalline Structure of SDC Thin Films 
SDC thin films feature peaks belonging to (111), (200), (220), (311), (222), 
and (400) crystallographic orientations. The positions of the peaks correspond to 
the fluorite structure, the Fm3m space group. However, SDC thin films do not 
necessary possess all of these peaks. Peaks can disappear, or their intensities can 
increase by changing the deposition parameters. 
 
Fig. 2.3 XRD patterns of SDC thin films deposited by using powder of SBET=11.3 m2/g 
and a different temperature of SiO2 substrate: a) 50 °C, b) 150 °C, c) 300 °C and d) 
450 °C 
SDC thin films deposited on 50 °C temperature substrates have 4 peaks 
corresponding to (111), (220), (311), and (222) crystallographic orientations. Thin 
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films deposited on 150 °C temperature substrates have 3 peaks corresponding to 
(111), (220), and (222) crystallographic orientations, whereas SDC thin films 
deposited on 300 °C and 450 °C temperature substrates have only 2 peaks 
corresponding to (111) and (222) orientations, see Fig. 2.3. In addition, the 
intensity of the peaks increases when using substrates of a higher temperature and 
decreases when using a higher deposition rate. The results are very similar to the 
results obtained in the experiments conducted by M.S. Anwar and R. Narasimha 
[52, 53]. 
The crystalline structure of Sm0.15Ce0.85O2-δ (SDC 15) thin films deposited 
by evaporating SDC 15 powder repeats the crystalline structure of the initial 




Fig. 2.4 XRD patterns of SDC thin films deposited by using powder of SBET=195 m2/g 
and 50 °C temperature substrates: a) SiO2 and b) Alloy 600[D3] 
All the SDC thin films deposited on 50 °C, 150 °C, and 300 °C temperature 
substrates have a similar structure, see Fig. 2.3. No influence of the substrate type, 
the specific area of powder or the concentration of the initial powder was observed. 
A different situation develops when using 450 °C temperature substrates. 
Exception is SiO2 substrates, the deposition parameters did not influence the 
microstructure when using  450 °C temperature substrates Fig. 2.3, d. When using 
other substrates, the influence of the substrate temperature, the substrate type, the 
deposition rate, and the specific surface area of the powders on the crystalline 
structure of SDC thin films was observed, see Fig. 2.5, Fig. 2.6, Fig. 2.7.  
SDC thin films deposited while evaporating powders of different surface 
areas on SiO2 substrates (600 °C) have different crystalline structures, see Fig. 2.5. 
X-ray diffraction patterns of SDC thin films deposited when evaporating 6.2 m2/g 
powder exhibit peaks corresponding to (111), (200), (220), (311), (222), and (400) 
crystallographic orientations[D2]. X-ray diffraction patterns of SDC thin films 
deposited when evaporating 38.8 m2/g powder feature peaks corresponding to 
(111), (200), (220), (311), and (222) crystallographic orientations[D1]. (400) 
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orientation peak disappears, (200) and (222) orientation peaks sharply decrease, and 
more X-ray diffraction spectra with a lower intensity of (220) and (311) orientation 
peaks appear in X-ray diffraction patterns. X-ray diffraction patterns of SDC thin 
films deposited when evaporating 11.3 m2/g powder show peaks corresponding to 
(111), (220), (311), and (222) crystallographic orientations. In this case, (200) 
crystallographic orientation disappears. An arrangement of diffraction peaks in SDC 
thin films deposited when evaporating powder of 201.3 m2/g specific surface area is 
very similar to the arrangement in SDC thin films deposited when evaporating 
powder of 11.3 m2/g specific surface area, see Fig. 2.5.  
 
Fig. 2.5 XRD patterns of SDC thin films deposited on 600 °C temperature SiO2 substrates 
when using powders of different specific surface areas: a) SBET=6.2 m2/g[D2], b) SBET=11.3 
m2/g, c) SBET=38.82 m2/g [D1] and d) SBET=201.3 m2/g 
It is possible to conclude that the peaks of (111) and (222) crystallographic 
orientations increase whereas the peaks of (200), (220), (311) and (400) 
crystallographic orientations disappear or decrease with the increasing specific 
surface area of the powders. In addition, the peaks of (220) crystallographic 
orientations increase when using 0.2 nm/s deposition rate whereas the peaks of 
(200) and (311) crystallographic orientations increase when using 1.2 nm/s–
1.6 nm/s deposition rates. An exception is SDC thin films deposited when 
evaporating powder of 38.8 m2/g specific surface area. The obtained results are 
similar to the results received in the experiments conducted by Mansilla[54]. 
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Fig. 2.6 XRD patterns of SDC thin films deposited on Alloy600 substrates when using 
powders of different specific surface areas: a) SBET=6.2 m2/g, 450 °C[D2], b) SBET=6.2 
m2/g, 600 °C[D2], c) SBET=11.3 m2/g, 450 °C, d) SBET=11.3 m2/g, 600 °C, e) SBET=38.82 
m2/g, 450 °C[D1], f) SBET=38.82 m2/g, 600 °C[D1], g) SBET=201.3 m2/g 450 °C, h) 
SBET=201.3 m2/g 600 °C 
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The crystallographic structure of SDC thin films formed on Alloy 600 
substrates as shown in Fig. 2.6 is slightly different from the case above. The peaks 
of (200) crystallographic orientation appear when evaporating powders of 6.2 m2/g 
and 38.8 m2/g specific surface area when the temperature of the substrate is 
450 °C, and the deposition rates are 0.2 nm/s, 0.4 nm/s and 1.6 nm/s. There are 
more X-ray patterns with the peak of (200) crystallographic orientation 
evaporating powders of 6.2 m2/g, 11.3 m2/g, and 38.8 m2/g specific surface area 
when the substrate temperature is 600 °C[D1,D2]. The peaks are visible when using 
almost all the deposition rates. The peak intensity of (220) and (311) 
crystallographic orientations decreases with the increasing specific surface area of 
powders and the increasing deposition rate. The peaks intensities of (111) and 
(222) crystallographic orientations increase with the increasing specific surface 
area of evaporating powders. 
The crystallographic structure of SDC thin films deposited on Si(100) 
substrates as shown in Fig. 2.7 is similar to the crystallographic structure of SDC 
thin films deposited on SiO2 substrates. The peak of (200) crystallographic 
orientation is visible when evaporating the powder of 6.2 m2/g specific surface 
area and using 1.6 nm/s deposition rate if the temperature of the substrates is 
450 ºC; also, if the temperature of the substrates is 600 °C, the peak of (200) 
crystallographic orientation is visible when using 1.2 nm/s–1.6 nm/s deposition 
rate or 0.2 nm/s–0.4 nm/s deposition rate and the powders of 6.2 m2/g and 11.3 
m2/g specific surface area, respectively. The intensities or existence of the peaks 
of (220) and (311) crystallographic orientations depend on the specific surface 
area of evaporating powders and on the deposition rate. The intensities of the peaks 
of (220) and (311) crystallographic orientations decrease while increasing both 
deposition parameters and vice versa for the peaks of (111) and (222) 
crystallographic orientations. 
A more accurate analysis of the crystallographic structure is obtained after 
the calculations of the texture coefficient. The data shows that the preferred 
crystallographic orientation (111) (green data points) changes only at a high 
temperature (450 °C–600 °C) and high deposition rates (1.2 nm/s–1.6 nm/s). The 
preferred crystallographic orientation (111) changes to (200), (220), (311) or 
(222). The preferred crystallographic orientation (111) changes to (200), (220) and 
(311) when using the powder of 6.2 m2/g specific surface area. For example, 
preferred orientation (111) changes to (200) (%444 = 0.1;	%// = 3.0) if SDC thin 
films are deposited on 600 °C temperature SiO2 substrates while using the 1.6 nm/s 
deposition rate. Preferred crystallographic orientation (111) changes to (220) or 
(311) when using the powders of 11.3 m2/g and 38.8 m2/g specific surface area. 
For example, preferred orientation (111) changes to (311) (%444 = 0.4; 	%D44 =1.9) if SDC thin films are deposited while evaporating the powder of 11.3 m2/g 
specific surface area on 600 °C temperature Alloy600 substrates when using the 
1.2 nm/s deposition rate. Preferred crystallographic orientation (111) changes to 
(311) or (222) when using the powder of 201.3 m2/g specific surface area. For 
example, preferred orientation (111) changes to (311) (%444 = 1.2;	%D44 = 1.6) if 
SDC thin films are deposited on 150 °C temperature Alloy600 substrates when 
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using the 1.6 nm/s deposition rate. Moreover, a lower number of thin films change 
the preferred orientation with the increasing specific surface area of the powders. 
The substrate type also exerts influence on the crystallographic structure. The 
highest number of SDC thin films change their preferred orientation if they are 
deposited on Alloy600 substrates whereas the lowest number of SDC thin films 
change their preferred orientation if they are deposited on SiO2 substrates while 
the influence of Si(100) substrates is in the middle. 
 
Fig. 2.7 XRD patterns of SDC thin films deposited on Si(100) substrates when using 
powders of different specific surface area: a) SBET=6.2 m2/g, 450 °C, b) SBET=6.2 m2/g, 
600 °C, c) SBET=11.3 m2/g, 450 °C, d) SBET=11.3 m2/g, 600 °C, e) SBET=201.3 m2/g, 450 
°C, f) SBET=201.3 m2/g, 600 °C  
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The crystalline structure of SDC thin films depends on the composition of 
the vapor phase during the evaporation process. It is known that ceria changes its 
phase from solid to gas during partial dissociation in the condensed phase (7TU)V → (X7T)Y + (ZU)Y + ([7TU)Y. In other words, the vapor consists of 
CeO2, CeO, Ce and O2. In the case of SDC, Sm is changed part of Ce. Therefore, 
vapor of SDC consists of Sm, CeO2, CeO, Ce and O2. The ratio of atoms to 
compounds in the vapor flux depends on the ratio of Ce to CeO2 on the surface of 
the evaporating powder. The vapor phase consists of CeO2, CeO, and Ce where 
the concentrations of CeO and Ce are lower than the concentration of CeO2 from 
4 to 6 times, respectively, if bulk CeO2 evaporates. However, the vapor phase 
consists of CeO2, CeO, and Ce, whereas the concentrations of CeO2 and Ce are 
lower than the concentration of CeO from 5 to 100 times, respectively, if the 
mixture of Ce–CeO2 evaporates[55]. Moreover, reduction of CeO2 occurs on the 
surface (~7 nm) of CeO2[26, 27]. It means that a larger surface area of SDC 
powder is reduced if the evaporation powder of a larger specific surface area is 
used, i.e., deficit of oxygen will be observed. Experiments conducted by Orliukas 
prove this statement. The researcher discovered that Ce3+ concentration equals 
14.16% when using powders of 8 m2/g specific surface area and reaches 19.47 % 
when using the powders of 203 m2/g specific surface area[56]. Therefore, there is 
more CeO, Ce, and Sm and less CeO2 in the vapor phase when powders of a larger 
specific surface area are used.  
Molecule dissociation or diffusion occurs after a molecule has reached the 
substrate surface. However, the dissociation time of CeO2 is longer while the 
diffusion distance and time for CeO2 are shorter than for CeO or adatoms. 
It means that the probability to form a crystallographic plane of a higher 
surface energy ( \(444) < \(//) < \(/) < \(D44) ) is higher when the 
concentration of CeO2 is higher in the vapor flux. A similar effect is observed 
when using a higher deposition rate. Adatoms do not have enough time to occupy 
the lowest energy state. 
The diffusion distance increases for adatoms and molecules when using 
substrates of a higher temperature. Thus more surfaces of low surface energy 
((111) and (222)) are formed. Possibly, the probability to form surfaces of (111) 
and (222) strongly decreases due to the prominent decrease of the surface energy 
at high temperatures. In this case, more surfaces of a higher surface energy form, 
i.e. (200), (220), (311) or (400) are obtained. It means that the probability of 
changing the preferred orientation increases. 
The influence of the substrate on the crystalline structure is related to 
surface oxidation. EDS measurements revealed that the concentration of oxygen 
is higher in SDC thin films than the stoichiometric concentration. Moreover, EDS 
signal recorded during the measurement consists of the SDC thin film, the oxide 
layer and the substrate components. It means that the oxide layer is formed on the 
surface of the substrate. The oxidation rate is different on different substrates. 
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Probably, Alloy600 is less active than Si(100). Consequently, the influence of 
Alloy600 substrate on the crystalline structure is stronger than Si(100). 
The crystallite size calculations revealed that the crystallite size is higher 
when using substrates of a higher temperature, see Fig. 2.8. However, the 
crystallite size not necessarily is higher at higher temperatures (450 °C–600 °C). 
Such a deviation from the dependence is due to the changes in the preferred 
crystallographic orientation and because of the number of additional planes ((200), 
(220), (311), (400)). The crystallite size decreases when the preferred orientation 
changes. The crystallite size also decreases when SDC thin films have a high 
number of additional crystallographic planes. The diffusion rate of adatoms is 
higher and the distance is longer when using substrates of a higher temperature. In 
this situation, larger crystallites form. However, the diffusion length is shorter on 
the surface with a higher surface energy ((\(444) < \(//) < \(/) < \(D44) ). 
Therefore, crystallites grow smaller on surfaces with a higher energy. 
The growth rate also exerts influence on the crystallite size. Crystallites are 
formed smaller when using a higher deposition rate. In comparison, it is possible 
to analyze SDC thin films deposited on 450 °C temperature SiO2 substrates when 
using the 0.2 nm/s–1.6 nm/s growth rate. The crystallite size changes from 
80.6 nm to 48.0 nm when using the powder of 6.2 m2/g specific surface area[D2]. 
The crystallite size changes from 48.9 nm to 28.6 nm when using the powder of 
11.3 m2/g specific surface area. The crystallite size changes from 49.5 nm to 
35.0 nm when using the powder of 38.8 m2/g specific surface area[D1]. The 
crystallite size changes from 39.2 nm to 26.5 nm when using the powder of 201.3 
m2/g specific surface area. A higher number of nucleation centers are formed while 
using a higher deposition rate. What is more, a high number of nucleation centers 
limit the growth of crystallites. 
The influence of a specific surface area of powders on the crystallite size 
was observed only for SDC thin films deposited at high temperatures (450 °C–
600 °C). The crystallite size changes from 6.8 nm (50 °C) to 66.5 nm (600 °C) in 
SDC thin films deposited by evaporating powder of 6.2 m2/g specific surface area 
on SiO2 substrates[D2]. The crystallite size changes from 6.4 nm (50 °C) to 89.1 nm 
(600 °C) in SDC thin films deposited by evaporating powder of 11.3 m2/g specific 
surface area on SiO2 substrates. The crystallite size changes from 10.4 nm (50 °C) 
to 97.3 nm (600 °C) in SDC thin films deposited by evaporating the powder of 
38.8 m2/g specific surface area on SiO2 substrates[D1]. The crystallite size changes 
from 5.4 nm (50 °C) to 91.8 nm (600 °C) in SDC thin films deposited by 
evaporating the powder of 201.3 m2/g specific surface area on SiO2 substrates. 
Such changes in the crystallite size prove the statement that CeO and Ce 
concentrations are higher when using powders of a higher specific surface area. 
The diffusion rates of CeO dissociation products and Ce adatoms are higher than 
the diffusion rates of CeO2 molecules or their dissociation products on the surface 
23 
of the substrate. For this reason, the crystallite size should be larger when using 
powders of a larger specific surface area. 
 
Fig. 2.8 Crystallite size dependence on the substrate temperature of SDC thin films 
deposited by evaporating powders of different specific surface area on SiO2 substrates: a) 
SBET=6.2 m2/g[D2], b) SBET=11.3 m2/g, c) SBET=38.82 m2/g[D1], d) SBET=201.3 m2/g 
 
2.4. Investigation of Surface Morphology of SDC Thin Films 
SDC thin films deposited on 50 °C substrates have cracks, see Fig. 2.9. In 
addition, the number of cracks is higher when using a higher deposition rate during 
the deposition process, as shown in Fig. 2.9, a, b, c, d, e. Moreover, the existence 
of cracks depends on the substrate type. SDC thin films deposited on SiO2, 
Si(100), and Al2O3 substrates produce cracks when using any of the deposition 
rates. However, SDC thin films deposited on Alloy600 substrates develop cracks 
only when employing the 1.6 nm/s deposition rate and the 50 °C temperature 
substrate, as demonstrated in Fig. 2.9, f. The influence of the substrate type is more 
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visible when using 150 °C temperature substrates. SDC thin films deposited on 
SiO2 and Al2O3 substrates exhibit cracks when using 1.2 nm/s and 1.6 nm/s 
deposition rates, see Fig. 2.9, g, h. SDC thin films deposited on Si(100) substrates 
develop cracks only when using the 1.6 nm/s deposition rate, as shown in Fig. 2.9, 
i; SDC thin films deposited on Alloy600 substrates are without cracks.  
 
Fig. 2.9 Topographic photos of SDC thin films deposited when evaporating powder of 
201.3 m2/g specific surface area: a) vg=0.2 nm/s, Ts=50 °C, SiO2 substrate, b) vg=0.4 nm/s, 
Ts=50 °C, SiO2 substrate, c) vg=0.8 nm/s, Ts=50 °C, SiO2 substrate, d) vg=1.2 nm/s, Ts=50 
°C, SiO2 substrate, e) vg=1.6 nm/s, Ts=50 °C, SiO2 substrate, f) vg=1.6 nm/s, Ts=50 °C, 
Alloy600 substrate, g) vg=1.2 nm/s, Ts=150 °C, SiO2 substrate, h) vg=1.6 nm/s, Ts=150 °C, 
SiO2 substrate, and i) vg=1.6 nm/s, Ts=150 °C, Si(100) substrate  
Cracks are formed during island coalescence. Sudden coalescence of islands 
occurs when islands approach each other at certain distance d, i.e., the atoms on 
the side of an island move from their equilibrium positions towards the grain 
boundary[57-59]. Tensile stresses appear due to such reorganization of the 
structure. Moreover, the magnitude of tensile stresses depends on the surface 
diffusion speed. The higher is the surface diffusion speed, the smaller cracks are 
formed. Atoms are capable to migrate longer distances and reduce tensile stresses 
if the surface diffusion is fast, i.e., at high temperatures (300 °C–600 °C) and low 
deposition rates (0.2 nm/s–0.8 nm/s). It means that at these temperatures and 
deposition rates, no cracks should develop.  
The influence of the substrate type can be explained by the fact that different 
substrates are denoted by different surface energies and different thermal 
expansion coefficients. It is possible that Alloy600 substrates have a higher surface 
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energy than other substrates. This is the cause of the interaction between the 
substrate and the island getting stronger. Islands must be closer to each other so 
that coalescence could occur. For this reason, the shift of atoms at an island’s side 
is shorter. Therefore, tensile stresses are lower.  
 
Fig. 2.10 Topographic photos of SDC thin films deposited by evaporating powder of 11.3 m2/g 
specific surface area on SiO2 substrates: a) Ts= 50 °C, vg=0.2 nm/s, b) Ts=150 °C, vg=0.2 nm/s, 
c) Ts=300 °C, vg=0.2 nm/s, d) Ts=50 °C, vg=0.8 nm/s, e) Ts=150 °C, vg= 0.8 nm/s, f) Ts=300 °C, 
vg=0.8 nm/s, g) Ts=50 °C, vg=1.6 nm/s, h) Ts=150 °C, vg=1.6 nm/s, i) Ts=300 °C, vg=1.6 nm/s 
The deposition rate and the substrate temperature influence the grain size, 
shape, and arrangement, as shown in Fig. 2.10 and Fig. 2.11. The diffusion length 
is longer when using substrates of a higher temperature whereas the number of 
grains is greater when using a higher deposition rate. It means that larger grains 
are formed when using higher temperature substrates and a lower deposition rate, 
see Fig. 2.10. 
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Fig. 2.11 Topographic photos of SDC thin films with different preferential crystallographic 
orientation: a) vg=1.6 nm/s, Ts=600 °C, SiO2 substrate, SBET=201.3 m2/g, (111) orientation, b) 
vg=1.6, Ts=600 °C, Si(100) substrate, SBET=6.2 m2/g, (200) orientation, c) Alloy600 substrate, 
vg=0.2, Ts=450 °C, SBET=6.2 m2/g, (220) orientation[D2], d) Alloy600 substrate, vg=1.2, Ts=600 
°C, SBET=11.3 m2/g, (311) orientation 
In addition, SDC thin films have a different surface morphology when using 
different deposition parameters. However, changes in the microstructure occur 
only when using high temperature substrates and high deposition rates, as shown 
in Fig. 2.11. Mansila and Laukaitis obtained comparable results[54, 60]. The 
growth of thin films is coincident with the changes of the texture coefficient. 
Surface images of SDC thin films with different preferred orientation are 
presented in Fig. 2.11: Fig. 2.11, a – (111) orientation, Fig. 2.11, b – (200) orientation, 
Fig. 2.11, c – (220) orientation, and Fig. 2.11, d – (311) orientation.  
 
Fig. 2.12 Topographic photos of SDC thin films of (311) crystallographic orientation: a) 
Alloy600, vg=1.2 nm/s, Ts=600 °C, 11.3 m2/g, b) SiO2, vg=1.6 nm/s, Ts=600 °C, 38.8 
m2/g[D1], c) Alloy600, vg=0.8 nm/s, Ts=600 °C, 11.3 m2/g, d) Alloy600, vg=0.4 nm/s, 
Ts=600 °C, 11.3 m2/g 
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However, grains form larger clusters with an increasing number of 
crystallographic orientations and their texture coefficients, as shown in Fig. 2.12 
and Table 2.1. Fig. 2.12, a demonstrates that the preferred orientation is (311). 
Moreover, this SDC thin film contains (111), (200), (220) crystallographic 
orientations as well. Nevertheless, the texture coefficients of these orientations are 
much smaller in comparison to (311) orientation, as shown in Table 2.1. SDC thin 
films grow with (111), (200), (220), (311), (222), and (400) crystallographic 
orientations in Fig. 2.12, d, where the texture coefficients of additional 
orientations, as shown in Table 2.1, are similar to the texture coefficient of the 
preferred orientation.  
Table 2.1 Texture coefficients of SDC thin films 
SDC thin films grow according to the structure zone models of Movchan-
Demchishin and Grovenor in Zone 1 and Zone T, see Fig. 2.13, Fig. 2.14[61, 62]. 
SDC thin films grow by forming small grains when using low temperature 
substrates (50 °C–150 °C), see Fig. 2.13, a, b. The grain size increases with the 
increasing temperature. Grains start growing on top of each other thus forming 
columns when 300 °C temperature substrates are used, as shown in Fig. 2.13, c. 
The columnar structure is more visible at higher temperatures, as shown in Fig. 
2.14, a.  
 
Fig. 2.13 Cross-section photos of SDC thin films deposited by evaporating powder of 
11.3 m2/g specific surface area on Alloy600 substrates while using  0.8 nm/s deposition 
rate: a) Ts=50 °C, b) Ts=150 °C, c) Ts=300 °C 
The type of SDC thin films growth depends on the preferred orientation at 
high substrate temperatures, as shown in Fig. 2.14. The grains grow on top of each 
other thus forming columns if the preferred crystallographic orientation is (111). 
The columns are formed of oblong grains if the preferred orientation is (200), 









<111> <200> <220> <311> <222> <400> 
1.2 600 SiO2 11.3 0.2 0.3 0.2 3.2 - - 
1.6 600 SiO2 38.8 0.6 1.6 0.1 2.3 0.3 - 
0.8 600 Alloy600 11.3 0.3 1.0 0.7 2.3 - 0.8 
0.4 600 Alloy600 11.3 0.6 1.0 0.9 2.5 0.4 0.7 
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Fig. 2.14 Cross section photos of SDC thin films deposited on Alloy600 substrates: a) 
vg=0.2 nm/s, Ts=600 °C, 11.3 m2/g (111), b) vg=1.6 nm/s, Ts=450 °C, 6.2 m2/g (200), c) 
vg=0.2 nm/s, Ts=450 °C, 6.2 m2/g (220), d) vg=1.2 nm/s, Ts=600 °C, 11.3 m2/g (311) 
Density calculations prove that SDC thin films grow in Zone 1 and Zone T. Thin 
films growing in Zone 1 and Zone T feature low density due to a high number of 
grain boundaries and a high number of nanopores[61, 62]. The density of SDC 
thin films is ~3.50 g/cm3 (the theoretical density is 7.15 g/cm3) when using low 
temperatures (150 °C–300 °C). In addition, microcracks exert influence on the 
density of thin films. The density of SDC thin films is higher when using substrates 
of a higher temperature. It reaches 6.18 g/cm3 when using substrates of 600 °C. 
The deposition rate influences the density of thin films as well. The higher number 
of pores, grains and grain boundaries form when using a higher deposition rate. 
Consequently, SDC thin films have a lower density when using a higher deposition 
rate. 
2.5. Investigation of the Surface Roughness of SDC Thin Films 
Calculations of the surface roughness of SDC thin films deposited on SiO2 
substrates showed that it varies from 2.2 nm to 50.8 nm depending on the 
deposition parameters. The surface roughness decreases (< ^_ `, a decrease from 
20.0 nm to 8.0 nm is observed) if powders of a higher specific surface area (SBET, 
6.2 m2/g, 11.3 m2/g, and 38.8 m2/g) are evaporated, see Fig. 2.15. However, the 
roughness of SDC thin films increases (<R_q> = 25.7 nm) when the powder of 
201.3 m2/g specific surface area is evaporated. The same pattern of variation is 
observed when drawing the dependence function of the minimum and maximum 
values of roughness on SBET powder, see Figure 2.15. 
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Fig. 2.15 Dependence of SDC thin film surface roughness (Rq) on the specific surface 
area SBET  of the evaporating powder, where ^_	ab3 are the lowest surface roughness 
values using a certain SBET  powder, ^_	acd is the highest surface roughness values 
obtained when using a particular SBET powder, whereas 〈^_〉 represents average surface 
roughness values obtained when using a specific SBET  powder. 
The dependence of the surface roughness of SDC thin films on the substrate 
temperature is non-linear. The surface roughness is higher when using higher 
temperature substrates, i.e., when the substrate temperature is 50 °C–300 °C, as 
shown in Fig. 2.16, a. However, the surface roughness of SDC thin films is lower 
when using a higher substrate temperature, that is, when the temperature of the 
substrate is 300 °C–600 °C. The temperature of 300 °C is the limiting temperature. 
The growth rate also determines the resulting surface roughness. The surface 
roughness of SDC thin films is lower by maintaining a higher deposition rate of 
SDC thin films. However, such a change is noticeable only at low substrate 
temperatures, as shown in Fig. 2.16, b, when evaporating the powder of 201.3 
m2/g. This is due to the fact that the sizes of islands are smaller at high deposition 
rates, whereas the jumps of CeO and CeO2 from the top of the islands to the 
substrate are more frequent. Similar results were obtained by Galdikas et al. and 
by Virbukas[41, 63]. The surface roughness of SDC thin films increases at high 
temperatures (450 °C–600 °C) with the increasing deposition rate of 0.8 nm/s–1.2 
nm/s. It is possible that the dissociation of CeO and CeO2 takes place at high 
substrate temperatures. For this reason, the speed of jumps of atoms from the top 
of the island is lower. Thus thin films grow more chaotically. When SDC thin 
films are formed by evaporating smaller surface area powder, the surface 
roughness values are more scattered: for example, 6.2 m2/g, as shown in Fig. 2.16, 
c, d or 201.3 m2/g, as seen in Fig. 2.16, a, b. This is especially noticeable when 
comparing the dependences of the surface roughness on the deposition rate, cf. 
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Fig. 2.16, b, d. Changes in the preferred (111) orientation and the appearance of 
other crystallographic planes ((200), (220), (311) and (400)) as well as their 
number could influence such a variation of surface roughness.  
 
Fig. 2.16 Dependence of SDC thin film surface roughness ^_ on the temperature of the 
substrate (SiO2) (%e) and the deposition rate of thin films (SQ): a) and b)  =201.3	/, c) and d) 	 = 6.2	/ 
Moreover, it is known that the surface roughness increases with the 
increasing crystallite size[64]. The Rq=f(<d>) plot for SDC thin films which were 
deposited on SiO2 substrates by evaporating powder of the 201.3 m2/g specific 
surface area yields information that the surface roughness increases with the 
increasing crystallite size, as demonstrated in Fig. 2.17. However, the surface 
roughness only increases until crystallites have reached ~25 nm size. 
Subsequently, the surface roughness decreases with the increasing crystallite size. 
Thus there is another factor affecting the surface roughness variation. According 
to J. Zhang, the surface roughness of Cu thin films is lower when using substrates 
of higher temperatures because the adatom diffusion speed and length increases 
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with the increasing substrate temperature[65]. In a more detailed way, the 
dependence of surface roughness on the adatom diffusion length is described by 
Galdikas[66]. The dependence of the surface roughness on the temperature and 
the crystallite size can be explained on the grounds of his theory. 
 
Fig. 2.17 Dependence of surface roughness (^_) on the crystallite size (〈〉) of SDC thin 
films deposited on SiO2 substrates by evaporating powder of 201.3 m2/g specific surface 
area 
It is possible to calculate the crystallite dimension only in one direction 
when using the XRD method, i.e., transversely to thin film. For this reason, it is 
assumed that crystallites are spheres, and that their dimensions transversely and 
along the thin film should be the same. In real life situations, these dimensions are 
different. 
The speed and length of surface diffusion of adatoms are small when using 
low temperature substrates during deposition. It means that adatoms stay on the 
surface of islands, adatoms do not jump from the surface of the islands on the 
substrate. Thus crystallites grow faster vertically than horizontally. Crystallites 
grow larger when using a higher temperature. Therefore, the surface roughness is 
also higher. However, the surface diffusion speed increases with the increasing 
substrate temperature; meanwhile, the ratio of transverse dimensions to 
longitudinal dimensions decreases. Finally, when the surface diffusion length is 
larger than the longitudinal dimensions of crystallite (~25 nm), adatoms jump 
from the surface of islands on the surface of the substrate. For this reason, the 
surface roughness is smaller when using high substrate temperatures during 
deposition. This was proven by AFM investigation, as shown in Fig. 2.18. The 
crystallite size is 18.8 nm–26.5 nm according to XRD calculations. Similar grain 
sizes are observed in AFM images, as seen in Fig. 2.18, a, when the temperature 
is 50 °C. However, longitudinal dimensions increase by about 200 nm when using 
300 °C–450 °C temperature substrates during deposition, as shown in Fig. 2.18, 
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b, c. In addition, the density of thin films is higher when using higher temperature 
substrates. Denser films contain fewer pores, which, of course, results in a 
smoother surface.  
 
Fig. 2.18 AFM images of SDC  thin films deposited on SiO2 substrates by evaporating 
powder of 201.3 m2/g specific surface area when using 1.6 nm/s deposition rate and 
different substrate temperature: a) 50 °C, b) 300 °C, c) 450 °C, and d) 600 °C  
2.6. Evaluation of the Band Gap Energy of SDC Thin Films 
SDC thin films are transparent to visible light which is proven by optical 
transmittance measurements. Optical transmittance of SDC thin films reaches 
about 80%. In order to evaluate the influence of dopant concentration on the 
optical band gap, calculations were carried out for SDC thin films containing 
crystallites of a similar size (22.0 nm±1.0 nm). It is thus possible to disregard the 
influence of the crystallite size on the optical band gap. Calculations prove the 
statement that the optical band gap depends on the dopant concentration. The 
optical band gap of SDC thin films decreases from 3.40 eV to 3.37 eV with Sm 
concentration increasing from 6.3 mol% to 12.0 mol%, as shown in Fig. 2.19. 
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Fig. 2.19 (ℎLN) dependence on the photon energy and band gap (PQ) dependence on the 
dopant concentration ( fa) 
In order to evaluate the influence of the crystallite size on the optical band gap, 
calculations were carried out for SDC thin films with a similar dopant 
concentration (10.6 mol%±1.5 mol%). It was discovered that the optical band gap 
increases with the increasing crystallite size as it is evident from Fig. 2.20. The 
acceptor levels are formed above the valence levels when Ce is doped by Sm. For 
this reason, the energy of the electron jump is smaller as shown in Fig. 2.21.  
 
Fig. 2.20 (ℎLN) dependence on the photon energy and band gap (PQ) dependence on the 
crystallite size (〈〉) 
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The number of oxygen vacancies increases with the decreasing crystallite 
size because the surface area increases where reduction occurs[67]. The 
concentration of Ce3+ increases with the increasing concentration of oxygen 
vacancies. For this reason, the donor level of Ce3+ forms beneath the conduction 
band. It means that the width of the band gap decreases. 
 
Fig. 2.21 Electron energy levels for Sm-doped nanocrystalline ceria thin films[68, 69] 
Calculations of the optical band gap for other thin films did not reveal any 
dependences on the crystallite size and Sm concentration. The optical band gap 
varies within the interval of 3.29 eV–3.74 eV due to the joint influence of the 
crystallite size, the Sm concentration, and the preferential crystallographic 
orientation. 
2.7. Investigation of the Electrical Properties of SDC Thin Films 
The measurements of impedance (thin films on Al2O3 substrates) and the 
calculations of ionic conductivity revealed that the total conductivity of SDC thin 
films varies from 3.4·10-8 S/cm to 0.011 S/cm. The given values of ionic 
conductivity are calculated for the impedance results measured at a temperature of 
600 °C. The highest value of total conductivity is similar to the value obtained by 
other authors: 15SCD–0.013 S/cm. In addition, the total conductivity of SDC thin 
films is lower than that of Bi2V1.9Cu0.1O5.535 (0.33 S/cm) and 
La0.85Sr0.15Ga0.2Mg0.2O2.825 (0.0301 S/cm), but higher than 8YSZ (0.0064 S/cm), 
La1.8Gd0.2Mo2O9 (0.0071 S/cm), La9.75Sr0.25Si6O26.875 (0.010 S/cm)[13-15, 18-21, 
70-97]. Such high ionic conductivity is influenced by the crystallite size, the grain 
shape, the crystallite orientation, the dopant concentration, and the Ce3+ 
concentration. 
Ceria becomes conductive for oxygen ions when oxygen vacancies 
(2gBh⋅⋅j ≈ g^P89A j ) are created by doping it with lower valence dopants (Sm, 
Gd)[23]. It is also known that ceria loses oxygen with the decreasing partial 
pressure of oxygen and the increasing substrate temperature. It means that the 




Fig. 2.22 XPS spectra of Ce 3d spin orbit doublet of SDC thin films deposited by 
evaporating powder of 6.2 m2/g specific surface area on Al2O3 substrates: a) Ts=300 °C 
and vg=0.2 nm/s [B/ − CeDE3dF ⁄ , B − CeHE3dF ⁄ , B′ − CeDE3dF ⁄ , B′′ − CeHE3dF ⁄ , B′′′ − CeHE3dF ⁄ , J/ − CeDE3dD ⁄ , J − CeHE3dD ⁄ , J′ − CeDE3dD ⁄ , J′′ − CeHE3dD ⁄ , J′′′ − CeHE3dD ⁄ ] , and b) vg=0.2 nm/s[D2] 
XPS measurements of SDC thin films deposited by evaporating powder of 
6.2 m2/g specific surface area on Al2O3 substrates proves the hypothesis about the 
reduction of Ce4+ to Ce3+, see Fig. 2.22, a, Table 2.2[D2]. The concentration of Ce3+ 
varies from 24.5% to 29.1%. However, no relationship between Ce3+ and 
conductivity was observed as shown in Table 2.2. It is reasonable to consider that 
electrical conductivity changes due to the component of ionic conductivity 
because the change of Ce3+ concentration is in the range of 5%. However, the 
concentration of Ce3+ is high whereas the mobility of electrons is higher than the 
mobility of oxygen ions. Therefore, the component of electronic conductivity 
should be high and possibly higher than the component of ionic conductivity. 
However, it is not possible to separate the components of the ionic and electronic 
conductors by using two Pt electrode configuration in EIS measurements. Ionic 
conductivity and electronic conductivity components could be distinguished from 
one another by using electrodes blocking electronic or ionic conductivity or by 
calculating the oxygen diffusion coefficient by using conduction relaxation 
plots[98, 99]. The above listed methods require special equipment and expensive 
materials. For example, gold is used to form electrodes blocking ionic 
conductivity[99]. For these reasons, notation of total conductivity will be used 
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without any separation between components of ionic conductivity versus 
electronic conductivity.  
Table 2.2 Total conductivity and Ce3+ concentration in SDC thin films deposited by 
evaporating powder of 6.2 m2/g specific surface area on Al2O3 substrates by using 0.2 nm/s 
deposition rate[D2] 
σ, S/cm 2.7·10-3 2.1·10-4 1.2·10-3 1.1·10-2 4.2·10-3 
CCe3+, % 25.6 24.5 29.1 26.8 28.1 
The activation energy of oxygen vacancies changes from 0.770 eV to 
1.042 eV. No relationship was observed between the total conductivity and the 
activation energy of oxygen vacancies. Thus it is possible to think that the 
microstructure and growth kinetics exerts the most prominent influence on the 
total conductivity. However, it is still necessary to evaluate the influence of the 
dopant concentration on the total conductivity of SDC thin films. The total 
conductivity increases with the increasing concentration of Sm in thin films as 
shown in Fig. 2.23. Therefore, in order to evaluate the influence of the 
microstructure, SDC thin films with similar Sm concentration will be compared. 
 
Fig. 2.23 Arrhenius plots of SDC thin films with different dopant concentrations 
Nyquist plots of SDC thin films feature two semicircles corresponding to 
the impedances of grain and grain boundaries. Hence a fitting procedure was 
carried out by using a circuit of Rg|Qg-Rgr|Qgr. The quality of the fitting procedure 
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was controlled by using Zre=f(log(ω)) and -Zim=f(log(ω)) plots as shown in Fig. 
2.25. The fitted curves must match the experimental ones in all the plots.  
 
Fig. 2.24 Nyquist plots of SDC thin films deposited by evaporating powder of 203.3 m2/g 
specific surface area when using 0.4 nm/s deposition rate 
The semicircle of grain boundaries is smaller than the grain semicircle as 
seen in Fig. 2.24. The Nyquist plot obtains this type of shape due to the influence 
of the crystallite size. The ionic conductivity decreases while the electronic 
conductivity increases with the decreasing crystallite size. The increased ratio 
between the grain boundary width (2b) and the grain width (L) is the reason of the 
decrease in ionic conductivity because grain boundaries exert a blocking effect on 
the diffusion of oxygen ions[100]. The grain boundaries which are parallel to the 
migration path of oxygen ions (i.e., which are perpendicular to the electrodes) 
influence the ionic conductivity[31, 101]. However, it is not possible to 
decompose the measured impedance of the grain into impedances of the grain 
boundary and the grain itself because it is not possible to separate impedances of 
components connected in parallel in an equivalent circuit[102]. For these reasons, 
it is considered that the semicircle in a high frequency range corresponds to the 
‘grain’ conductivity. However, the influence of the grain boundaries increases to 
ionic and electronic conductivities with the decreasing grain size. Therefore, a 
semicircle of ‘grains’ covers the semicircle of grain boundaries (the grain 
boundaries are positioned perpendicular to the migration path of oxygen ions).  
That is why, only ^Q + ^Qo resistivity is visible in Zre=f(log(ω)) plots as 
shown in Fig. 2.25, a”. It decreases (from 3.28 MΩ to 0.65 MΩ) in SDC thin films 
which were deposited on higher temperature substrates. ^Q + ^Qo resistivity was 
decomposed into its components after the fitting procedure exhibited in Table 2.3. 
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It was revealed that the resistivity of ‘grains’ (^Q) is about 10 times higher than 
the resistivity of grain boundaries (^Qp).  
 
Fig. 2.25 a) Zre dependences on log(ω) and b) -Zim dependences on log(ω) for SDC thin 
films deposited by evaporating powder of 203.3m2/g specific surface area while using 
0.4 nm/s deposition rate 
Only one peak corresponding to the relaxation frequency is visible in -
Zim=f(log(ω)) plot although there should be two peaks, see Fig. 2.25, b. The 
relaxation frequency increases from 10.6 kHz to 47.7 kHz in SDC thin films which 
were deposited on higher temperature substrates. However, the two relaxation 
frequencies were extracted from -Zim=f(log(ω)) plot after conducting the fitting 
procedure. The results demonstrated that the relaxation frequency of oxygen ions 
in ‘grains’ is 10 times higher than in the grain boundaries whereas the relaxation 
time is 100 times shorter in ‘grains’ (qQ) than in the grain boundaries(τgr) as shown 
in Table 2.3. It follows that the total conductivity should increase when using 
higher temperature substrates during the deposition of SDC thin films. In addition, 
it was observed that accurate analysis of EIS measurements is possible only after 
conducting the fitting procedure.  
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Table 2.3 Fitting parameters of Nyquist plots (R stands for resistivity, Q represents the 
capacitance of the constant phase element, α denotes a constant), critical frequency (rs), 
and relaxation time (τ) 
vg, nm/s Ts, K Rg, Ω Rgr, Ω Qg, F Qgr, F αg αgr fcg, Hz τg, s fcgr, Hz τgr, s 
0.4 
50 9.80·108 5.06·107 5.60·10-11 1.86·10-9 0.69 0.70 2.90·100 5.49·10-2 1.69·100 9.41·10-2 
150 2.77·106 5.05·105 5.40·10-12 1.33·10-9 0.98 0.80 1.06·104 1.50·10-5 2.37·102 6.72·10-4 
300 1.86·106 2.82·105 4.72·10-12 1.70·10-9 0.98 0.80 1.81·104 8.78·10-6 3.32·102 4.79·10-4 
450 8.66·105 1.76·105 4.58·10-12 2.35·10-9 0.98 0.80 4.01·104 3.97·10-6 3.85·102 4.14·10-4 
600 6.02·105 4.49·104 5.54·10-12 1.04·10-8 0.98 0.80 4.77·104 3.34·10-6 3.41·102 4.67·10-4 
 
The quantitative calculations of the total conductivity prove that (Fig. 2.26). 
For example, the total conductivities of SDC thin films deposited by evaporating 
powder of the 201.3 m2/g specific surface area on Al2O3 substrates while using 
0.4 nm/s deposition rate are 4.4·10-7 S/cm, 9.0·10-4 S/cm, 1.5·10-3 S/cm, 3.3·10-
3 S/cm, and 7.3·10-3 S/cm if, respectively, 50 °C, 150 °C, 300 °C, 450 °C, and 
600 °C temperature substrates are used. The values of the total conductivity are 
calculated for experimental points measured at a temperature of 500 °C. The total 
conductivity is higher when using substrates of a higher temperature during 
deposition as shown in Fig. 2.26. In addition, SDC thin films deposited on 50 °C 
temperature substrates exhibit a much lower total conductivity. 
 
Fig. 2.26 Arrhenius plot of SDC thin films deposited by evaporating powder of 201.3m2/g 
specific surface area while using 0.4 nm/s deposition rate 
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The total conductivity is also influenced by the deposition rate of SDC thin 
films as seen in Fig. 2.27. For example, the total conductivities are 2.6·10-3 S/cm, 
1.5·10-3 S/cm, 8.2·10-4 S/cm, 5.8·10-6 S/cm, and 8.4·10-6 S/cm for SDC thin films 
which are deposited by evaporating powder of 6.2 m2/g specific surface area on 
150 °C temperature Al2O3 substrates (the dopant concentration of ~11.1 mol%, 
Table 2.4) while using 0.2 nm/s, 0.4 nm/s, 0.8 nm/s, 1.2 nm/s, and 1.6 nm/s 
deposition rate  
Table 2.4 Sm concentration (cSm) and its standard deviations (Sn) in SDC thin films 
deposited by evaporating powder of 6.2 m2/g specific surface area on 600 °C temperature 
substrates (Ts) while using various deposition rates (vg) 
This implies that the total conductivity of SDC thin films is lower when 
using a higher deposition rate. In addition, thin films exhibit extremely low total 
conductivity if they are deposited while using 1.2 nm/s and 1.6 nm/s deposition 
rates as shown in Fig. 2.27. 
 
Fig. 2.27 Arrhenius plot of SDC thin films deposited by evaporating powder of 6.2 m2/g 
specific surface area on 150 °C temperature substrates [D2] 
Ts, °C 





















150 11.1 0.4 12.5 0.4 10.3 1.4 11.4 1.2 10.1 2.0 
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The influence of deposition parameters on the total conductivity is related 
with changes in microstructure. Thin films feature cracks if they are deposited on 
low temperature (50 °C–150 °C) substrates while using a high deposition rate (1.2 
nm/s–1.6 nm/s), see Fig. 2.3. Therefore, these thin films are denoted by extremely 
low total conductivity (3.4·10-8 S/cm–3.9·10-6 S/cm). In addition, the variation of 
the crystallite size is in good agreement with the variation of the total conductivity, 
see Fig. 2.28. The total conductivity is lower than 0.002 S/cm if the crystallite size 
is about 10 nm–25 nm and more than 0.006 S/cm if the crystallite size is bigger 
than 90 nm. 
 
Fig. 2.28 Dependence of the total conductivity (t) on the crystallite size (〈〉) 
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CONCLUSIONS 
1. The required power of the e-beam for maintaining the same deposition speed 
decreases by 1.5 times (from 485 W to 301 W) when powder of 201.3 m2/g specific 
surface area instead of powder of 6.2 m2/g specific surface area is used because 
atoms on the surface of the particles have a lower binding energy than the atoms 
inside the particles. 
2. The preferential crystallographic orientation (111) changes to (200), (220), (311) 
or (222) if the 450 °C–600 °C substrate temperature and 1.2 nm/s–1.6 nm/s 
deposition rate are used during deposition. The process is the most prominent for 
SDC thin films deposited on Alloy600 substrates and the weakest for SDC thin 
films deposited on SiO2 substrates. 
3. The preferential crystallographic orientation (111) tends to change its orientation 
to (200), (220) or (311) by evaporating the powder of 6.2 m2/g specific surface 
area, to (220) or (311) by evaporating powders of 11.3 m2/g and 38.8 m2/g specific 
surface areas, and to (311) or (222) by evaporating the powder of 201.3 m2/g 
specific surface area. Moreover, a lower number of SDC thin films change the 
preferential crystallographic orientation.  
4.  The crystallite size changes from 5.4 nm to 149.3 nm. The crystallite size 
increases by about 8 times by changing the substrate temperature from 50 °C to 
600 °C and by about 2 times by changing the deposition rate from 0.2 nm/s to 
1.2 nm/s. 
5. SDC thin films deposited on 150 °C temperature SiO2, Si(100), and Al2O3 
substrates are homogeneous if 0.2 nm/s–0.8 nm/s deposition rate is used, and SDC 
thin films deposited on Alloy600 substrates are homogeneous if 0.2 nm/s–1.6 nm/s 
deposition rate is used. SDC thin films deposited on 300 °C–600 °C temperature 
SiO2, Si(100), Al2O3 and Alloy600 substrates are homogeneous when 0.2 nm/s–
1.6 nm/s deposition rate is used. 
6. Triangular grains grow on top of each other and form columns when the 
temperature of 50 °C to 300 °C is used during deposition. Triangular grains lose 
their shape, whereas longitudinal grains grow when using high temperature 
substrates (450 °C and 600 °C) and high deposition rates (1.2 nm/s and 1.6 nm/s) 
due to the change of the preferential crystallographic orientation from (111) to 
(200), (220), (311) or (222). 
7. The surface roughness changes depending on the longitudinal and transverse 
dimensions of grains. The surface roughness increases when the crystallite sizes 
are smaller than 25 nm. When crystallites are larger than 25 nm, the surface 
roughness decreases due to the different growth rates of grains in the parallel and 
perpendicular directions to the substrate. 
8. The band gap increases from 3.36 eV to 3.43 eV with the crystallite size increasing 
from 10.2 nm to 91.8 nm. 
9. The total conductivity increases with the increasing crystallite size. The values of 
total conductivity are about 2.0·10-3 S/cm when the crystallite size is 10.0 nm–
25.0 nm and 6.0·10-3 S/cm when the crystallite size is 80.0 nm. The highest value 
of the total conductivity is 1.1·10-2 S/cm when the crystallite sizes are 80.6 nm and 
89.1 nm.  
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SAMARIU LEGIRUOTO CERIO OKSIDO PLONŲJŲ SLUOKSNIŲ 
FORMAVIMAS IR TYRIMAS 
Disertacijos tikslas – nustatyti garinamų miltelių savitojo paviršiaus ploto, 
augimo greičio, padėklo temperatūros ir padėklo rūšies įtaką plonųjų 
Sm0,2Ce0,8O2–δ sluoksnių, suformuotų garinant elektronų pluošteliu, savybėms. 
Mikrostruktūrinės, morfologinės, optinės ir elektrinės savybės ištirtos taikant 
XRD, SEM, EDS, XPS, UV-VIS, AFM ir EIS metodus. 
Formuojant SDC dangas buvo pastebėta, kad elektronų pluoštelio galia, 
kurios reikia tam pačiam augimo greičiui palaikyti, yra mažesnė naudojant 
didesnio savitojo paviršiaus ploto miltelius. Pavyzdžiui, norint pasiekti 0,2 nm/s 
augimo greitį, kai naudojami 6,2 m2/g milteliai, reikia 485 W galios, o kai 
naudojami 201,3 m2/g milteliai – 301 W galios. 
Atlikus XRD matavimus buvo nustatyta, kad vyraujanti (111) 
kristalografinė orientacija keičiasi esant aukštai temperatūrai (450–600 °C) ir 
palaikant didelį augimo greitį (1,2–1,6 nm/s). Ji keičiasi į (200), (220), (311) arba 
(222) orientaciją priklausomai nuo miltelių savitojo paviršiaus ploto. Be to, 
didėjant garinamų miltelių savitajam paviršiaus plotui vis mažiau sluoksnių keičia 
vyraujančią orientaciją. Dar daugiau, vyraujančią kristalografinę orientaciją 
labiausiai yra linkę keisti plonieji SDC sluoksniai, suformuoti ant Alloy600 
padėklų, o mažiausiai – sluoksniai, suformuoti ant SiO2 padėklų.  
Nustatyta, kad suformuotuose SDC sluoksniuose kristalitų dydis kinta nuo 
5,4 nm iki 149,3 nm. Keičiant naudojamą padėklų temperatūrą nuo 50 °C iki 
600 °C kristalitų dydis išauga apie 8 kartus, o keičiant augimo greitį nuo 0,2 nm/s 
iki 1,6 nm/s kristalitų dydis sumažėja apie 2 kartus. Tačiau naudojant aukštos 
temperatūros (450–600 °C) padėklus kristalitų dydis gali sumažėti dėl 
vyraujančios orientacijos plokštumos pasikeitimo. 
Nustatyta, kad kristalitų dydis daro įtaką paviršiaus šiurkštumui ir 
medžiagos elektrinėms bei optinėms savybėms. Paviršiaus šiurkštumas didėja 
augant kristalitų dydžiui. Tačiau kristalitų dydžiui viršijus ~25 nm paviršiaus 
šiurkštumas pradeda mažėti augant kristalitų dydžiui dėl skirtingo kristalitų 
augimo greičio statmenai padėklui ir lygiagrečiai su juo. Savitasis laidis taip pat 
kyla didėjant kristalitų dydžiui. Kristalitų dydžiui esant apie 10–25 nm savitasis 
laidis yra ~2·10–3 S\cm, o kristalitų dydžiui esant daugiau nei 80 nm savitasis laidis 
viršija 6·10–3 S\cm. Didžiausias savitasis laidis yra 1,1·10-2 S/cm, kristalitų 
dydžiui esant 80,6 nm ir 89,1 nm. Be to, draustinės juostos plotis didėja nuo 
3,36 eV iki 3,43 eV, kristalitų dydžiui augant nuo 10,2 nm iki 91,8 nm. 
Naudojamą padėklų temperatūrą keičiant nuo 50 °C iki 300 °C, trikampiai 
grūdeliai auga vienas ant kito sudarydami kolonas. Naudojant aukštą padėklų 
temperatūrą (450 °C ir 600 °C) ir didelį augimo greitį (1,2–1,6 nm/s), sluoksniai 
auga sudarydami kolonas iš pailgų grūdelių. Grūdeliai praranda trikampę formą 
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